To investigate the role of polyamines in pre-and post-harvest fruit development of 'Akatsuki' peach (Prunus persica (L.) Batsch.) we measured polyamine concentrations, activities of polyamine biosynthetic enzymes and expression of genes encoding these enzymes. Concentrations of the free polyamines, putrescine (Put), spermidine (Spd) and spermine (Spm) in pre-harvest fruit peaked 16 days after full bloom (DAF) and then progressively decreased until harvest with the exception of Put, which showed a second peak at 94 DAF, just before the onset of ethylene production. In post-harvest fruit, minor changes in concentrations of Spd and Spm were observed, whereas Put concentration peaked on the harvest day, followed by an abrupt decrease and a subsequent 2-fold increase, which was opposite to the fluctuating pattern of ethylene production. Activities of arginine decarboxylase (ADC) and ornithine decarboxylase (ODC) peaked during the first stage of fruit development and then decreased until 80 DAF, after which the activities were below detection limits, suggesting that Put is synthesized during the early stage of fruit development. Activity of S-adenosylmethionine decarboxylase (SAM-DC) decreased progressively until the end of S2. Expression levels of five putative polyamine biosynthetic genes, ADC, ODC, SAMDC, spermidine synthase (SPDS) and spermine synthase (SPMS), in pre-harvest and post-harvest fruit did not coincide precisely with the observed changes in enzymatic activities and polyamine concentrations. The possible role of polyamines during peach fruit development and the relationship between polyamines and ethylene biosynthesis are discussed.
Introduction
Fruit development is regulated by complex interactions between physiological and environmental factors, including endogenous plant hormones, tree age, fruit load of current season, rootstock and scion cultivar, tree vigor, and climate. A proper balance of these factors is required for optimal fruit development. To gain further insight into the regulation of fruit development, attempts have recently been made to elucidate control of fruit development at the molecular level (Gillaspy et al. 1993 , Giovannoni 2004 ).
Peach fruit development shows a double-sigmoidal growth pattern that is normally divided into four stages, S1-S4 (Zanchin et al. 1994) . Stages S1 and S3 are customarily designated as rapid growth phases, whereas S2 and S4 are phases with slow growth. Intensive rapid cell divisions occur in S1, normally 2 to 6 weeks after full bloom, whereas cell enlargement and ripening take place during S3 and S4. Pit hardening occurs during S2. There is an increase in ethylene production accompanying fruit maturation and ripening at late S3 and S4, which is associated with physiological and biochemical changes like softening, rapid sugar accumulation and pigmentation.
Polyamines, generally putrescine (Put), spermidine (Spd) and spermine (Spm), are polycationic compounds of low molecular weight that are present in living organisms (Galston 1983) . In most higher plants, two pathways contribute to Put biosynthesis: one is from ornithine and is catalyzed by ornithine decarboxylase (ODC) and the other is from arginine and is catalyzed by arginine decarboxylase (ADC) with two intermediate products, agmatine and N-carbamoyl putrescine. Spermidine is synthesized from Put by spermidine synthase (SPDS) with an aminopropyl moiety donated by decarboxylated S-adenosylmethionine (dcSAM), produced from S-adenosylmethionine (SAM) in a reaction catalyzed by S-adenosylmethionine decarboxylase (SAMDC). Spermine is produced from Spd in a reaction catalyzed by spermine synthase (SPMS) with the same aminopropyl moiety.
Several studies have shown that vegetative and reproductive development are positively correlated with the concentration of either total polyamines or one of the three main polyamines (Biasi et al. 1988 , Kushad 1998 , Ziosi et al. 2003 , Malik and Singh 2004 . Furthermore, polyamines and ethylene show antagonistic effects on growth and senescence probably because they share the same precursor, SAM. Correlation between polyamine-mediated modification of ethylene metabolism and anti-senescence effects has been demonstrated in different plant tissues (Even-Chen et al. 1982 , Li et al. 1992 , Mehta et al. 2002 . Use of exogenous polyamines to inhibit ethylene production and to delay fruit ripening has been attempted (Pérez-Vicente et al. 2002 , Torrigiani et al. 2004 . Treatment with exogenous polyamines and aminoethoxyvinylglycine (AVG), an ethylene biosynthesis inhibitor, inhibits ethylene production and delays fruit softening of peach (Bregoli et al. 2002) . However, controversial results on the interactions between polyamines and ethylene have also been obtained (Kramer et al. 1991 , Wang et al. 1993 , Escribano and Merodio 1994 . Therefore, to gain deeper insight into the role of polyamines in peach fruit development and storage, we analyzed free polyamine concentrations, ethylene production, activities of ADC, ODC and SAMDC, and expression of polyamine biosynthetic genes (ADC, ODC, SAMDC, SPDS and SPMS) during peach fruit development.
Materials and methods

Plant materials and experimental schemes
Peach fruits (Prunus persica (L.) Batsch 'Akatsuki') were sampled from five trees in an experimental orchard at the National Institute of Fruit Tree Science, Tsukuba, Japan, in 2004. Diameters of 30 fruits were measured at 4-day intervals and 10-30 fruits were periodically sampled from 16 to 118 days after full bloom (DAF). At commercial harvest time, fruits were picked and stored at 25°C for 8 days to investigate the relationship between polyamines and senescence. During storage, eight fruits were sampled at 0, 1, 2, 4, 6 and 8 days after harvest (DAH). These fruits were first used for ethylene analysis and then the fruit skins in the equatorial areas were removed to measure fruit firmness with a fruit pressure tester equipped with a cylindrical plunger (8 mm in diameter). Another set of 10 fruits was selected at harvest (Day 0) to determine mass loss. Mesocarp tissues were analyzed for polyamines, enzyme activity and RNA except the first two samplings when whole fruits were analyzed because of the difficulty in separating the mesocarp from the flesh. All samples were immediately frozen in liquid nitrogen and stored at -80 °C.
Determination of ethylene and polyamines
Ethylene production in fruit attached to the trees from 48 DAF until harvest and in the post-harvest fruit was measured by gas chromatography as described by Haji et al. (2004) . Briefly, each peach fruit was placed in a sealed desiccator (1000 ml) for 1 h at 25°C. One ml of gas was withdrawn with a syringe and injected into a gas chromatograph (Shimadzu GC-14B, Japan) equipped with a flame inonization detector. Helium was the carrier gas, and the column was packed with activated alumina. The column and injector temperatures were set at 80°C. A minimum of six fruits were measured at every sampling time. Free polyamines were extracted from 0.1-g samples of peach fruit and measured by HPLC (Shimadzu LC10-VP, Japan) as described by Hao et al. (2005) . Polyamine analysis was carried out in triplicate.
Enzymatic assays
The polyamine biosynthetic enzymes ADC, ODC and SAM-DC were extracted from 1 to 5 g samples of peach fruit in 100 mM potassium phosphate (pH 8.0) containing 20 mM sodium ascorbate, 1 mM pyridoxal-5′-phosphate, 10 mM dithiothreitol, 0.1 mM EDTA and 0.1 mM phenylmethylsulfonyl fluoride. The homogenate was centrifuged at 25,000 g for 20 min. Enzymatic activity was assayed in 3.5-ml Pierce vials sealed with snap caps as described previously (Song et al. 2001) . Three 5-mm filter-paper discs, saturated with 2 N KOH, were transfixed onto a syringe needle that was inserted through the tube cap. The reaction mixture consisted of 100 µl of enzyme extract plus 10 µl of 5 mM pyridoxal-5′ After incubation for 60 min at 30°C, 0.2 ml of 10% trichloroacetic acid was added to stop the reaction. The incubation was continued for an additional 90 min. Then the filter paper discs were removed, dried and placed in liquid scintillation cocktail and radioactivity determined by liquid scintillation spectrometry (Aloka LSC-5100, Japan). Enzyme activity was expressed on fresh mass basis.
Isolation of cDNA fragments
One µg of total RNA isolated from peach flower buds according to Wan and Wilkins (1994) was used to synthesize firststrand cDNA with a kit (Amersham Bioscience, NJ). Partial cDNA fragments of ADC, ODC, SAMDC, SPDS and SPMS were obtained by RT-PCR with the following amplification conditions: 1 cycle of 10 min at 94°C; 37 cycles of 45 s at 94°C, 45 s at 45°C and 90 s at 72°C; and 1 cycle of 10 min at 72°C. Degenerate primers were designed based on the conserved regions of the genes in other plants. One pair of primers was used for all of the genes except SPMS, for which two pairs of primers were used (Table 1) . For SPMS, the PCR product with primer pair I was diluted (1:100) and amplified with primer pair II (nested-PCR). For ODC, because no bands were amplified in the first-round RT-PCR, a second-round PCR was carried out after 1:100 dilution of the first-round PCR products under the same PCR conditions and with the same primers. The amplified fragments were recovered from the gel and ligated into pCR2.1 vector with the TA-cloning kit (Invitrogen, CA). All cDNA fragments were sequenced on an ABI sequencer (Applied Biosystems ABI PRISM 377, CA) to confirm their identities. The DNA sequences were analyzed with the GCG software package (Genetics Computer Group, Accelrys, San Diego, CA) and GENETYX-MAC 10.1 (Software Development, Japan). The confirmed fragments were labeled with digoxigenin-dUTP (DIG) by PCR (Roche Diagnostics, Tokyo, Japan) according to the manufacturer's instructions and used as probes for RNA gel blots.
RNA gel blot analysis of polyamine biosynthetic genes
Total RNA (10 µg) isolated from fruit flesh tissues (Wan and Wilkins 1994) was separated in 1.2% formaldehyde-denatured agarose gel. The RNA was blotted onto Hybond N membrane (Amersham Bioscience) and hybridized with DIG-labeled probes for ADC, ODC, SAMDC, SPDS and SPMS as described by Zhang et al. (2003) . The relative values of the expression levels were normalized to the ribosomal RNA level by densitometric analysis (Scion Image, Scion Corporation, MD). The hybridization signal of the first sample in each panel was set to 100 and the other samples were quantified accordingly.
Results
Fruit development and ripening
The latitudinal and longitudinal diameters of 'Akatsuki' peach fruits were measured from 16 to 118 DAF. Based on these measurements, growth of 'Akatsuki' peach fruit was divided into four stages, S1, S2, S3 and S4 ( Figure 1A ). Stage S1 was characterized by a rapid increase in fruit diameter until 48 DAF. Stage S2 lasted for 32 days, from 48 to 80 DAF. During S2, the longitudinal diameters did not change and the latitudinal diameters increased slowly. In S3, which lasted for 24 days, fruit diameters increased rapidly up to 104 DAF, whereas S4 was characterized by a slow increase in fruit diameter until the fruit was harvested. Thus, the turning points of the four stages occurred at 48, 80 and 104 DAF.
For peach fruit at S1, Put, Spd and Spm concentrations peaked at 16 DAF, followed by a reduction until 48 DAF (Figure 1B) . During S1, Spd was the predominant polyamine, followed by Put and Spm. During S2, Put concentration increased and Spd and Spm concentrations decreased continuously. At the end of S2 (80 DAF), concentrations of Put and Spd were similar and higher than the concentration of Spm. During S3 and S4, Spm concentration remained at the constant low value found during S2. The Spd concentration decreased slightly in S3 and then maintained a relatively constant concentration during S4. The Put concentration increased to another peak at 94 DAF, followed by a moderate decrease until the end of S4. During S3 and S4, Put was the most abundant polyamine, followed by Spd and Spm. In any given period, Spm was the least abundant polyamine. The trend in total polyamine concentra- tion mirrored the concentration of Put (data not shown). Ethylene production of pre-harvest peach fruit was investigated from 48 to 118 DAF ( Figure 1C ). Fruits were sampled for ethylene measurement every 12-16 days before 94 DAF and thereafter they were sampled every 6 days. Ethylene production was first detected at 106 DAF (0.83 ± 0.07 nl g FM -1 h -1 ) and peaked sharply at 112 DAF, followed by a lower rate of increase to 118 DAF.
Activities of ADC and ODC in pre-harvest fruits increased to peak values at 32 DAF and then decreased continuously (Figure 2) . Activity of SAMDC was highest at 16 DAF and decreased until 80 DAF. No ADC, ODC or SAMDC activity was detected in fruits from 80 DAF up to harvest.
Isolation of homologous fragments of genes encoding polyamine biosynthetic enzymes
To obtain partial fragments of the genes encoding polyamine biosynthetic enzymes, we used reverse transcription polymerase chain reactions (RT-PCR) with degenerate primers to amplify cDNA synthesized from RNA of peach flower buds. For ADC, SAMDC and SPDS, fragments of expected size were obtained after first-round RT-PCR and the fragment of SPMS was amplified by nested-PCR with primer pair II. Although no fragments were obtained after the first-round RT-PCR for ODC, the second-round PCR gave rise to the expected fragment. All of the PCR products were cloned and sequenced. Homology searches demonstrated that all of the fragments showed similarities with the corresponding genes from other species (Table 2) . These clones were designated as pPpADC (partial Prunus persica ADC), pPpODC, pPpSAMDC, pPp-SPDS and pPpSPMS under Accession Nos. AB194102, AB-194103, AB194104, AB194105 and AB194106, respectively. These putative clones were labeled with DIG by PCR and used as probes for subsequent RNA gel blots.
The expression of pPpODC was low in all of the samples, especially towards fruit ripening (Figure 3) . The mRNAs of the pPpADC, pPpSAMDC, pPpSPDS and pPpSPMS genes were low in the fruit at 48 DAF, the turning point for S2, when pit hardening occurred. The RNA gel blot analysis showed that the expression of pPpADC was low at S1, increased thereafter and peaked at 106 DAF, followed by a decrease at 112 DAF and another increase at 118 DAF. The accumulation of the pPpSAMDC transcript started at 32 DAF and peaked at 64 DAF, then declined slightly before showing another increase at S4. The expression of both pPpSPDS and pPpSPMS were induced at 32 DAF. After the absence of signals at 48 DAF, expression of pPpSPDS gradually increased until 106 DAF, whereas pPpSPMS showed low expression before peaking at 106 DAF, after which its expression remained steady until harvest.
Post-harvest storage
The fruit decay parameters, firmness and fruit loss of post-harvest peach fruit, were monitored at 0, 1, 2, 4, 6 and 8 DAH. The fruits had a firmness of 5.0 ± 0.1 kg at harvest (Day 0), followed by a rapid decrease at 1 DAH, after which firmness was maintained at about 0.5 kg ( Figure 4A ). There was a steady loss in biomass of the post-harvest fruit of about 2 g per day. By the end of the storage period, biomass loss totaled 18.4 ± 1.2 g fruit -1 relative to the biomass on Day 0 ( Figure 4B ). During post-harvest storage, Spm concentration remained more or less constant at about 8.0 nmol g FM -1 ( Figure 4C ). Similarly, Spd concentration changed little, though it rose to its highest value at 2 DAH. In contrast, large changes in Put concentration were observed. The Put concentration peaked at Day 0, decreased abruptly on 1 DAH, and then decreased slowly to 6 DAH, followed by a 2-fold rise at 8 DAH. The trend in total polyamine concentrations was similar to the pattern in Put concentration (data not shown).
In post-harvest fruit, trace amounts of ethylene were produced at Day 0, followed by a 5-fold increase at 1 DAH (Figure 4D) . Ethylene production then increased progressively to 6 DAH, followed by a negligible decrease on the last day. No ADC, ODC or SAMDC activity was detected in the post-harvest fruit on any sampling day (data not shown).
Among the polyamine biosynthetic genes, the expression of pPpODC was low in post-harvest fruit (Figure 5 ), similar to the expression level of pre-harvest fruit. The expression patterns of the pPpADC, pPpSAMDC, pPpSPDS and pPpSPMS genes were similar, although the magnitude of expression differed among the genes. Highest expression was found at 2 DAH, and expression then decreased (pPpADC, pPp-SAMDC and pPpSPMS) or remained relatively steady (pPp-SPDS) until the last day.
Discussion
Fruit development and ripening
In an attempt to define the role of polyamines during peach fruit development and storage, we considered only the metabolically active free polyamines; however, conjugated poly- amines are also reported to be involved in reproductive development (Martin-Tanguy 1997). Free polyamine concentrations, both total (data not shown) and the concentrations of the three free polyamines, peaked at 16 DAF and then declined until 48 DAF, the start of S2. A pattern of high polyamine concentrations during the early stages of fruit development, followed by a decline with fruit development, has been reported in a variety of plant species (Winer and Apelbaum 1986 , Biasi et al. 1988 , Kushad 1998 , Malik and Singh 2004 and may be associated with active division of the flesh cells during early S1 (Evans and Malmberg 1989) . During S2, the period of pit hardening, slow growth of the fruit was paralleled by minor changes in polyamine concentrations. Throughout S3 (up to 104 DAF), the fruit grew quickly and total polyamine concentration increased (data not shown) as a result of a second peak in Put concentration at 94 DAF. The Put and total polyamine concentrations decreased during S4, when the fruit showed another period of slow growth. The second Put peak, which has also been detected in other work with a different peach cultivar (Ziosi et al. 2003) , may be associated with the slow conversion to Spd when cell enlargement begins (Shen and Galston 1985) . Alternatively, the second peak in free Put concentration may have been derived from the conjugated form. The abrupt rise in Put concentration at 94 DAF may be related to ethylene production and senescence, as has been reported in muskmelon where fruit senescence is associated with a dramatic rise in Put concentration (Lester 2000) . It has been suggested that high concentrations of polyamines are necessary to trigger the biochemical processes leading to ethylene production (Ke and Romani 1988) . Once triggered, however, ethylene production was concurrent with suppressed polyamine synthesis, which might account for the subsequent decrease in Put and total polyamine (data not shown) concentrations following 94 DAF. Our observation that ethylene production coincided with a decrease in polyamine concentration might be explained by the antagonistic effects of ethylene and polyamines on fruit development and senescence (Pandey et al. 2000) . The finding that changes in concentrations of polyamines, especially total polyamine and Put, corresponded to changes in the rate of pre-harvest fruit growth provides indirect evidence for a role of polyamines in this physiological process. However, the physiological implications of the reductions in Put, Spd and Spm concentrations during the later part of S1 remain unclear. Perhaps all of the polyamines are required for cell division, because polyamines may serve as a nutritional sink for plant development (Minocha et al. 2004 ). Activities of ADC, ODC and SAMDC roughly paralleled the fluctuations in polyamine concentrations in pre-harvest 'Akatsuki' peach fruits. Activities of these enzymes peaked during S1 and then decreased progressively until 80 DAF. Peak activities of these enzymes during S1 may be associated with a requirement for maximum polyamine biosynthesis during the period of most active cell division (Smith 1985) . The high activities of ADC and ODC imply that Put was intensively biosynthesized in 'Akatsuki' peach fruit at this stage. However, no ADC, ODC or SAMDC activity was detected at later stages. This finding differs from previous reports where activities were detected (Bregoli et al. 2002 , Ziosi et al. 2003 . This discrepancy might be associated with the different peach cultivars studied or with differences in the physiological status of the peach fruit. The absence of SAMDC activity during the late stage might be a rate-limiting factor for the biosynthesis of Spd and Spm, although we did not measure the activities of the two enzymes catalyzing these reactions. Loss of enzymatic activities during the late stage of fruit development indicated negligible involvement of these enzymes in cell enlargement, which is in agreement with the results of Biasi et al. (1991) who reported that, in apple, cell enlargement was preceded by a reduction in ADC and ODC activities. The temporal trends in enzymatic activities, however, did not precisely coincide with changes in gene expression patterns. Similarly, Ziosi et al. (2003) found that gene expression patterns of peach fruit were not correlated with enzymatic activities but with free polyamine concentrations. Lack of correlation between gene expression and enzymatic activity might be explained by translational or post-transcriptional regulation, or both, as has been reported for ADC (Chang et al. 2000) , ODC (Kwak and Lee 2001) and SAMDC (Hanfrey et al. 2002) . 
Post-harvest storage
Changes in polyamine concentrations and ethylene production after harvest showed opposite trends. Fruit had the highest polyamine concentrations on the harvest day, when ethylene production was at a minimum. During storage, total polyamine concentrations decreased until 6 DAH, followed by an increase at 8 DAH. In contrast, ethylene production increased progressively and peaked at 6 DAH and remained high thereafter. Fruit underwent a sharp loss of firmness at 1 DAH, which might have been due to the rapid increase in ethylene production, which can influence the cell wall modulating enzymes (Bonghi et al. 1998 ). The abrupt decrease in firmness was concurrent with the rapid decrease in Put and total polyamine concentrations. Because interactions between polyamines and cell wall components can be responsible for changes in cell rigidity (Berta et al. 1997) , the decrease in polyamine concentrations may have contributed to the loss of fruit firmness. All of these data support the hypothesis that polyamines and ethylene have opposite effects on senescence. Furthermore, it has been suggested that the balance between polyamines and ethylene controls fruit ripening (Winer and Apelbaum 1986 , Saftner and Baldi 1990 , Paksasorn et al. 1995 , Pandey et al. 2000 , Franco-Mora et al. 2005 . As a result, reinforcement of one will lead to weakening of the other and related processes. Attempts have been made to maintain fruit firmness, prolong the shelf life and delay senescence by inhibiting ethylene production by the exogenous application of polyamines (Pérez-Vicente et al. 2002 , Torrigiani et al. 2004 ; however, more work is needed to elucidate the relationship between polyamines and ethylene because contradictory results have emerged among studies with different species (Mehta et al. 2002) . Activity of the measured enzymes was not detected in fruit during post-harvest storage (data not shown), which, in combination with the absence of enzymatic activities at the late stage of pre-harvest fruit development, suggests that free polyamines, at least Put, were synthesized only during the early developmental stage. At late stages of fruit development, including post-harvest, de novo synthesis of polyamine did not occur, and the polyamines synthesized during S1 may have been metabolized to other polyamine types, including the conjugated forms and vice versa. As with the expression of polyamine biosynthetic genes in pre-harvest fruit, gene expression levels did not correspond to the polyamine concentrations and enzymatic activities during post-harvest. Decreased gene expression was expected because the polyamine concentrations decreased and enzymatic activities were not detected during storage. However, except for ODC, expression of other genes remained relatively stable, especially SAMDC, SPDS and SPMS. Such expression profiles may be attributable to stress responses, rather than a senescence response, during post-harvest fruit storage.
We conclude that (1) high polyamine concentrations coincided with fruit cell division and roughly with polyamine biosynthetic enzymatic activities; (2) rapid fruit enlargement occurred without notable changes in polyamine concentrations or enzymatic activities; (3) gene expression did not precisely correspond to changes in free polyamine concentrations and enzymatic activities; and (4) antagonism between polyamines and ethylene biosynthesis may be present in 'Akatsuki' peach during the late stage of fruit development and during post-harvest storage.
